Empirical studies in vertebrates support the hypothesis that inbreeding reduces resistance against parasites and pathogens. However, studies in insects have not found any evidence that inbreeding compromises immune defence. Here we tested whether one generation of brother-sister mating or extreme outbreeding (mating between two populations) have an effect on innate immunity and life history traits in the autumnal moth, Epirrita autumnata. We show that the effect of inbreeding on immune response differed between the sexes: whereas in females, inbreeding significantly reduced encapsulation response against nylon monofilament ability, it did not have a significant effect on male immune response. There were also differences in the correlation of the immune response with other traits: in females increased immune response was positively correlated with large size, whereas in males immune response increased with a reduction in development time. Immune response differed significantly among families in males but not in females, both for the inbreeding and extreme outbreeding experiments. In conjunction with the observed immune responses to inbreeding, these data suggest that in males genetic variation for immune response is largely additive or non-directional with respect to dominance, whereas in females variation is much reduced and consists of directional dominance variance. Further, we show that encapsulation response against nylon monofilament is associated with the resistance against real pathogens suggesting that this widely used method to measure the strength of immune defence in insects is also a biologically relevant method.
Introduction
The loss of habitat and habitat fragmentation has become a serious problem for many species (reviewed in Hanski, 2005) . Habitat fragmentation leads to increased isolation and decreased population size that may lead to the erosion of genetic variation and increased genetic differentiation among populations through genetic drift, increased inbreeding and reduced gene flow between populations. These effects together or singly may have serious consequences for the persistence of fragmented populations (Hanski, 2005) . Among vertebrates there is an abundance of evidences that inbreeding, the mating of close relatives, can increase their susceptibility to pathogens by reducing their immune defence (reviewed in Keller and Waller, 2002) . However, these studies contrast with studies on invertebrates in which no such depression has been observed. For example, in the bumble-bee, Bombus terrestris (L.), inbreeding (brothersister mating) did not have any effect on innate immune defence or body size of the offspring (Gerloff et al., 2003) . In the termite, Zootermopisis angusticollis, inbreeding neither decreased encapsulation response nor resistance against bacterial or fungal disease (Calleri et al., 2006) . Similarly, inbred lines of the flour beetle Tribolium castaneum did not differ from a stock population in their resistance to parasitic nematodes (Stevens et al., 1997) . Finally, in the sand cricket, Gryllus firmus, individuals from inbred lines were smaller and took longer to develop than individuals from crosses between lines but did not differ in their immune function (Rantala and Roff, 2006) . Given the differences between results for vertebrates and invertebrates, more studies on insects are needed in this field, especially on species that do not normally experience inbreeding, because ancestral inbreeding may reduce the magnitude of inbreeding depression (see Swindell and Bouzat, 2006) . Additionally, there are no data bearing on the opposite question, namely whether crosses between populations exhibit heterosis or outbreeding depression for immune response.
Insects are excellent models for studying the effect of inbreeding and heterosis on immune defence, because the immune defence system in insects is far less complex than the vertebrate immune system, even though many components are homologous (Vilmos and Kurucz, 1998) . Further, because they do not possess lymphocytes or immunoglobulins, most insects do not show an acquired immunity (Gillespie et al., 1997) . Insect immunity is characterized by the inducible expression of a large array of antimicrobial peptides and by the constitutive melanization-encapsulation response. Encapsulation is an immune response through which insects defend themselves against endoparasitoid wasps and flies (Salt, 1970) , fungi, nematodes and bacteria (reviewed in Gupta 2001) . Encapsulation is an immune response in which hemocytes recognize an object as foreign and cause other hemocytes to aggregate and form a capsule and a cascade of biochemical reactions lead to the deposition of melanin and the hardening of the capsule (Gillespie et al., 1997) . The enclosed intruder dies from suffocation or from the release of necrotizing compounds (Nappi et al., 1995) . In invertebrates, one of the most informative ways to assay this reaction is to measure the magnitude of the encapsulation response to a novel and standardized antigen such as a nylon monofilament (e.g. Rantala et al., 2000 Rantala et al., , 2003a Fedorka et al., 2004; Koskimäki et al., 2004; Zuk et al., 2004; Simmons et al., 2005) . It has been shown that the ability to encapsulate abiotic material is strongly related to the ability to encapsulate a parasite (Paskewitz and Riehle, 1994; Gorman et al., 1996) . However, to our knowledge, there are no studies testing whether encapsulation response against a nylon monofilament is associated with resistance against real pathogens. Given the frequent use of this technique as an index of immune response such testing is strongly warranted.
The purpose of the present study was to answer three questions using the autumnal moth, Epirrita autumnata, as the model organism: (1) is the encapsulation response of nylon monofilament associated with the ability to resist real pathogens; (2) does inbreeding or heterosis have an effect on innate immunity response or other traits that may be correlated with this response, specifically development time, pupal mass and survival; (3) are such effects sex-specific? To address the second two questions we first compared full sib families from unrelated parents to those in which sires and dams were full sibs (i.e. brother-sister mating) and secondly we compared offspring from crosses between two populations to crosses within each of the two original populations.
Materials and methods

Study organism
The autumnal moth, E. autumnata, is a holarctic geometrid with a univoltine life cycle. The larvae eclose in spring in synchrony with birch leaf flush and the larvae feed on the young foliage, the chemical and physical quality of which decreases rapidly during the larval period (reviewed in Haukioja, 2003) . Both sexes have five larval stages and the larval period lasts for about 1 month. Pupation occurs in the ground during midsummer, and the adults eclose in autumn. The shortlived nocturnal adults have a weakly developed proboscis and do not feed but support maintenance and reproduction on stored reserves (e.g. Tammaru et al., 1996) . Thus, their reproductive capacity is directly dependent on the body mass accumulated during the larval stage and can be reliably indexed by pupal mass (Tammaru et al., 1996) . The autumnal moth is famous for massive outbreaks that cause extensive damage to entire mountain birch forests in the northern and the mountainous part of its distribution. These outbreaks occur with a periodicity of 9-10 years and last for 2-3 years (Haukioja, 2005) . In northern Finland, more than 10 parasitoid species are known to parasitize E. autumnata (Ruohomäki et al., 2000) . Further, in E. autumnata, entomopathogenic fungus, bacteria and viruses impose significant morbidity and mortality costs on natural populations (Rantala et al., unpublished) . Thus, there should be strong selection for an effective immune defence in field populations. However, the immune defence of the autumnal moth has varied with genotype (van Ooik et al., 2007) , food quality (Kapari et al., 2006) , food quantity (Yang et al., 2007) , larval density (Kilpimaa et al., unpublished) and with the level of heavy metal pollution (van Ooik et al., 2007) . Given the observed variation with genotype, the effects of outbreeding and inbreeding on the immune system are pertinent questions.
Effect of inbreeding on innate immune defence and other life history traits The grandparents of the experimental larvae were collected as larvae (about 80) from the area around the Kevo Subarctic Research Station of Turku University (69145 0 N, 27101 0 E) 2 years before the start of these experiments. During the collection of larvae, we minimized the probability that such larvae were related to each other by collecting each larva from different trees. Parents of the experimental larvae originated from laboratory matings of these individuals. During the next summer, parents were reared in full sib groups in buckets (10 l) and fed with fresh leaves. These parents were mated to create 15 inbred (F ¼ 0.25, parents brother-sister) and 15 outbred families.
From each family we randomly chose 20 newly hatched larvae giving an initial sample of 600 larvae. The larvae were reared individually in 48 ml vials in outdoor conditions and provided with fresh mountain birch leaves ad libitum during their entire larval period. After the fifth larval instar and short prepupal stage, larvae were allowed to pupate individually into moist Sphagnum moss. The length of larval period was determined as days between hatching and the beginning of the prepupal period. Before the immune assays (see below) the pupae were kept in a laboratory at þ 141C for 7 days. Prior to the immune assays, pupal mass was measured to the nearest 0.1 mg and sex determined.
Effect of outbreeding on innate immune defence and other life history traits
To test the effect of heterosis on the immune system, two separate populations of E. autumnata larvae from two localities, Kevo (Northern Finland) and Abisko (Northern Sweden), were used. The Abisko population is noted for its extreme fluctuations and achieving outbreak densities, whereas, because of climatic factors, the Kevo population fails to reach outbreak densities but shows similar cyclical fluctuations in density. The distance between these two localities is about 370 km, but each locality is surrounded by mountains and fells and thus is geographically isolated. Although geographically widely separated, some gene flow is potentially possible, as the species has a transholarctic distribution. The grandparents of the experimental larvae were collected as larvae (about 100) from the area around the Abisko 2 years before the start of these experiments. As in the case of the Kevo population, we minimized the probability of larvae being related by collecting each larva from a different tree. Parents of the experimental larvae originated from the laboratory matings of these individuals. During the next summer, parents were reared up in full sib groups in buckets (10 l) and fed with fresh leaves.
Parents were mated to create 15 'within-Kevo' populations families (outbred, same as used as control families in the inbreeding experiment), 15 'within-Abisko' families (outbred) and 15 hybrid families (seven sires from Kevo and eight sires from Abisko). From each family we randomly chose 20 newly hatched larvae to give an initial sample of 300 larvae per locality/ treatment (900 larvae in total). Rearing and treatment before the immune assay were the same as described for the inbreeding experiment.
Encapsulation rate assay
To measure encapsulation rate, we inserted a 270.1 mm length of nylon monofilament (diameter 0.18 mm, rubbed with sandpaper and knotted) into the abdomen of each pupa. This treatment enhanced the likelihood that hemocytes would stick to the implant and facilitated removal of the implant. After insertion of the monofilament, the immune system of a pupa was allowed to react to this 'implant' for 1 h at 221C. Our previous studies in this species indicated that 1 h gave the highest variance between individuals in encapsulation rate, whereas still not at an equilibrium (Kapari et al., 2006; van Ooik et al., 2007) . After 1 h, pupae were frozen and stored at À801C. The implant was later removed from each pupa and the monofilament photographed from two different angles under a light microscope with a digital camera recorder. These pictures were analysed using the Image Pro program. The degree of encapsulation was analysed as grey values of reflecting light from implants. As a measure of encapsulation rate, we used the average grey values of two digital pictures. The data were transformed so that the darkest grey values corresponded to the highest encapsulation rate. This transformation was carried out by subtracting the observed grey values from the control grey value (clear implant) (see Rantala and Kortet, 2003; Rantala et al., 2004) . In previous studies, the repeatability of the method to measure the darkness of the implant has been found to be very high, ranging from 0.82 to 0.997 (Rantala et al., 2002; Rantala and Roff, 2006) .
Encapsulation response and the resistance against real pathogens
The larvae used in this experiment were collected as last (fifth) instar larvae from the outbreak area from the fell Nuvvus Ailigas. Before the experiment, the mass of larvae was measured to the nearest 0.1. Unfortunately, we were not able to determinate the sex of larvae. To measure encapsulation response against nylon monofilament, we inserted a 270.1 mm length of nylon monofilament (diameter 0.18 mm, rubbed with sandpaper and knotted) into the fourth segment of a larva. We allowed the larva to react to this 'implant' for 1 h at 221C after which we smoothly removed the implant for later analysis. During the next day, the surviving larvae (N ¼ 62) were exposed to the fungus, Beauveria bassiana (strain Mycotrol, suspended in inert ingredients and distilled water), by dipping them in 10 ml of an LD 50 dose solution for 5 s. We determined LD 50 doses by giving a separate group of larvae five increasing doses of conodians and selecting the dose that will came closest to killing 50% of the animals (3.55 Â 10 6 spores/ml). The larvae were individually incubated in 48 ml vials at 221C and fed with fresh leaves until pupation. The survival of larvae was checked daily until pupation. Larvae that pupated successfully were recorded as survived. The inert ingredients used with conidians did not cause any mortality in preliminary experiments. Therefore, we dipped the controls in distilled water without fungal spores or inert ingredients. There was no natural mortality among the control group of 60 individuals and they were therefore excluded from the statistical analysis. Unfortunately, the mortality because of fungus was much higher in the experiment than in preliminary studies (probably because of the injury by the nylon monofilament) and mortality was 68%.
Statistical analysis
Excluding survival, for which sex could not be assigned, all traits were distinguished by sex, family membership, inbreeding coefficient (F ¼ 0 or 0.25) and parental category (for crosses between and within populations). Genetic variability in traits within populations is indicated by variation among families from crosses within populations and response to inbreeding. Crosses between populations can be used to assess genetic variation between populations but not within populations. In principle, the effect of sex and inbreeding status could be assessed by nesting family within these components. However, such a model potentially includes a large number of interaction terms, which could reduce the power of finding main effects. To avoid these problems we proceeded in two steps: first, we ignored the potential effects of family membership and tested for variation because of sex and breeding status (inbred or outbred) or cross type (two populations and hybrid) using two-way ANOVAs. These preliminary analyses (see below) indicated that both sex, inbreeding status or cross type could be significant and so we did separate analyses for each sex, using a nested ANOVA, with family nested within inbreeding status or cross type. Because it is likely that traits are correlated, we next proceeded in the case of the inbred experiment with a stepwise multiple regression analysis using either the entire data set or the mean family values for each sex. In the latter case the resulting regressions are indicative of genetic correlations among parameters.
Results
Encapsulation response and the resistance against real pathogens Larvae that survived the Beauviria bassiana infection had higher encapsulation response before infection than those that died (t-test, t ¼ À2.056, df ¼ 60, P ¼ 0.044). There was also no differences in body mass before infection between those who survived and those who died (t-test, t ¼ À1.121, df ¼ 60, P ¼ 0.267). We conclude that the encapsulation assay is a suitable index of the resistance to B. bassiana infection. Whether it is also positively correlated to the response to other pathogens remains to be tested.
Effect of inbreeding on innate immune defence and other life history traits
Analysis of the data where family membership is ignored (Figure 1) shows that (1) outbred males and females were very similar with respect to encapsulation value but inbred individuals showed a lowered response, with females showing the greatest decline; (2) development time of females was significantly longer than males and outbred individuals developed in significantly faster than inbred individuals, with females again showing the greatest response to inbreeding, but the interaction between sex and status was not significant; (3) males were significantly smaller than females and outbred individuals were heavier than inbred individuals, though the difference was marginally nonsignificant. Additionally, the survival rate of outbred larvae was higher than the survival rate of the inbred larvae (72.11 and 50.67%, respectively).
Results for the nested ANOVAs testing for family (genetic) and inbreeding effects within the two sexes are summarized in Table 1 . Encapsulation rate in males was highly significantly variable among families but not associated with inbreeding status. In contrast, in females there was no significant variation among families but a highly significant difference with breeding status, inbred females showing a reduced encapsulation rate (Figure 1 ).
Significant variation among families was found in all other traits with the exception of development time in females. Highly significant differences because of inbreeding status were found in development time of females and survival in both sexes, but effects were only marginally significant for development time in males and pupal mass in females, and not significant for mass in males (Table 1) .
To assess the joint effect of inbreeding status, development time and pupal mass on encapsulation rate, we Effect of outbreeding on innate immune defence and other life history traits Two-way analysis of variance, ignoring family membership (Figure 2 ), shows that (1) encapsulation values vary significantly only with the type of cross, with the hybrids showing a higher encapsulation response; (2) development time of females was significantly longer than males and there was significant variation among the crosses, with hybrids developing the fastest; (3) males were significantly smaller than females and there was significant variation among the crosses, with hybrids the heaviest individuals.
Results for the nested ANOVAs testing for genetic (family) and among-cross effects within the two sexes are summarized in Table 2 . As with the inbreeding results, encapsulation rate in males was highly significantly variable among families but variation among families was not significant in females. Males showed no significant variation among crosses whereas significant Inbreeding, heterosis and immune defence MJ Rantala and DA Roff variation was found in females. Significant variation among families and crosses was found in all other traits with the exception of development time in females that did not vary among crosses (Table 2) .
Discussion
The encapsulation response against a piece of nylon monofilament is widely used and a standard method to measure for analyzing arthropods immunity (e.g. Vainio et al., 2004; Zuk et al., 2004; Ahtiainen et al., 2004 Ahtiainen et al., , 2005 Rantala and Roff, 2005; Simmons et al., 2005) , although there has been no direct evidence that it would reflect resistance against real pathogens and parasites. Mallon et al. (2003) found in B. terrestris that bumblebee colonies that were more resistant against gut trypanosomal parasites had a lower encapsulation response against the nylon monofilament. These results suggest a trade-off between specific and nonspecific components of the immune system at the colony level (Mallon et al., 2003) . Unfortunately, they did not measure the association between encapsulation response and resistance against parasites at an individual level. In this study, we found that larvae that had a stronger encapsulation response against nylon monofilament had higher survival against B. bassiana than larvae with a weaker encapsulation against nylon monofilament. To our knowledge, this is the first study to show that encapsulation response against nylon monofilament is associated with the resistance against real pathogens at an individual level, which suggests that the method is biologically relevant. We found that in E. autumnata there was strong inbreeding depression in all traits measured: inbreeding depressed survival, increased development times and decreased body mass. In contrast to previous studies in insects, which found no evidence that inbreeding would compromise the immune system (e.g. Stevens et al., 1997; Gerloff et al., 2003; Calleri et al., 2006) , we found that inbreeding reduced a female's ability to encapsulate nylon monofilament markedly. However, this effect was not found in males after taking into account variation within families (Table 2 ; though a reduction considerably less than observed in inbred females was observed if family effects were ignored; Figure 1 ). These results indicate that the immune system of females is more vulnerable to inbreeding depression than the immune system of males in E autumnata. A possible cause of the difference between our current study and previous studies (e.g. Stevens et al., 1997; Gerloff et al., 2003; Calleri et al., 2006) is that in the previous studies the species examined may typically experience inbreeding in nature (e.g. in the latter two cited studies both species were social insects, termites and bees), which could have selected for a reduced effect of inbreeding on the immune system. The autumnal moth is a very common and abundant species of the northern hemisphere and capable of wide dispersal. Thus, it is very likely that mating between relatives is rare and the species has not recently passed through any genetic bottlenecks.
If the sex differences in vulnerability of immune defence to inbreeding depression observed in this study exists also among other taxa, it could have important consequence to persistence of small isolated inbred populations, especially if the observed sex differences in immune defence lead to sex differences in mortality to parasites and pathogens. This might also be a contributing factor to the male biased sex ratio that is often found in small populations before the extinction of that population (see Gabriel and Ferriere, 2004) . It is known that females are more sensitive to environmental stress than males (Teder and Tammaru, 2005) : the results of the present study suggest that part of this sensitivity is genetically based.
In vertebrates, males typically suffer more than females from parasitic infections and also tend to have reduced immune responses relative to females (reviewed in Keller and Waller, 2002) , which has been suggested to be a consequence of the detrimental side effects of testosterone on male immunity (reviewed in Zuk and Stoehr, 2002) . It has been suggested that the ultimate mechanism for sex differences in immune function would be a differential selection on the sexes favouring different investment levels in immune defence (see Zuk and Stoehr, 2002) . Because male fitness is limited by the number females fertilized, whereas female fitness is limited by the number of offspring produced (Trivers, 1972) , males are expected to invest more in sexual competition and current reproduction at the expense of their immune defence than females (see Zuk and Stoehr, 2002) . Thus, the disparity in how sexes allocate resources is hypothesized to result in sexual dimorphism in immune defence even among taxa lacking testosterone (see Zuk and Stoehr, 2002) .
However, although there are many studies in insects (e.g. Gray, 1998; Kurtz et al., 2000; Adamo et al., 2001; Vainio et al., 2004; Schwarzenbach et al., 2005) that have found a dimorphic immune response, there are also many studies in invertebrates that have failed to give support to this hypothesis. For example, Sheridan et al. (2000) found no sex differences in parasite infections among arthropod hosts. Likewise, efforts to examine the sex differences in immune function in insects have met with mixed results (see e.g. Rantala et al., 2007 and references therein) . Recently, McKean and Nunney (2005) found that sex-specific responses to experimental manipulation of fitness-limiting resources affects both the magnitude and direction of sex differences in immune function in Drosophila melanogaster. They suggested that for species similarly limited in their reproduction, phenotypic plasticity would be an important determinant of sex differences in immune function and other life-history traits. In this study we found that immunological sex differences may vary in populations differing in their degree of inbreeding. Thus, it seems that there are plausible explanations for sexual dimorphism in immunity other than just the Bateman principle, which is traditionally used to explain the observed sex difference in immunity (for a review see Zuk and Stoehr, 2002) .
Importantly, we found that males and females differed not only in the response of their immune systems to inbreeding but also in the extent to which their immune response was genetically variable, as measured by variation among families (Tables 1 and 2 ). In males the presence of genetic variation among families but no significant response to inbreeding indicates that most of the variation is additive genetic variance and/or nondirectional dominance variance. Contrariwise the lack of variation among families in females but their strong response to inbreeding is indicative of little additive or non-directional dominance variance and the presence of small amounts of directional dominance. This difference between the sexes is mirrored in the within-and between-population crosses (Table 2) . Taken together these results suggest that the genetic architecture of immune response, as measured by encapsulation rate, is strongly affected by the sex in which the genes find themselves (epistasis) and/or there are sex-linked effects. Our studies is consistent with previous studies in Scathophaga stercoraria (Schwarzenbach et al., 2005) and Panorpa vulgaris (Kurtz and Sauer, 1999) , who have found only significant sirer component but not dam component in their estimates of heritabilities of immune function. Thus, in the light of these studies, it seems possible that this sex differences in genetic architecture in immune function is widespread among insects.
With respect to the other traits examined (development time, pupal mass, survival), we also found, in general, evidence for genetic variation, though differences between the sexes in response to inbreeding (Table 1 , development time, pupal mass) again suggests that the realization of genetic determination differs between the sexes, which could result from epistatic interactions or perhaps sex-linked effects. Interestingly, Saccheri et al. (2005) found in the butterly, Bicyclus anynana, sex differences in the effects of inbreeding on fitness suggesting that trait-specific developmental properties and cryptic selection play crucial roles in shaping genetic architecture.
The present results demonstrate that it cannot be assumed that in invertebrates, unlike vertebrates, there is sexual dimorphism in immunity. Further, these responses may be a function of different genetic architectures and hence evolutionary responses may differ between the sexes. Such potential disparity in response poses interesting questions for the interaction between population dynamics and genetical factors. More detailed research on the components of the genetic variance in male and female moths is needed to elucidate the precise mechanism and to ascertain if such a mechanism is plausibly general or specific to this species.
